Nitric oxide regulation of the cardiovascular system involves both cGMP-dependent and independent mechanisms. The former directly interacts with the family of catabolic phosphodiesterases (PDEs) that control cGMP levels and thus distal effects such as protein kinase G stimulation. Growing evidence supports an important role of several PDEs, including PDE1, PDE2, and PDE5, in the regulation of cGMP in both vascular smooth muscle and cardiac myocytes. These PDEs have relatively little impact on resting function, but they can potently modulate acute contractile tone in cells stimulated by external agonists such as angiotensin or catecholamines. Regulation by PDEs is compartmentalized, with selective interactions occurring between a given source of cGMP and PDE hydrolysis. PDE1 and/or PDE5 are also reportedly up-regulated in chronic disease conditions such as atherosclerosis or cardiac pressure-load stress and heart failure as well as in response to long-term exposure to nitrates. Such up-regulation is thought to contribute to vascular and cardiac pathophysiology and to drug tolerance. Recent studies utilizing selective PDE5 inhibitors support significant cross-signaling with NO-cGMP synthetic pathways that may be particularly helpful in treating certain disease states.
Introduction
Cardiovascular modulation by nitric oxide (NO) can be divided into two primary mechanisms. One depends upon NO activation of soluble guanylate cyclase (sGC) and the subsequent generation of cyclic guanosine monophosphate (cGMP), while the other is cGMP-independent and involves protein Snitrosylation or nitration (reviewed in [1, 2] ). To a great extent, the balance between these pathways depends upon redox status that influences net NO chemistry and NO and cGMP synthetic capacity by NOS and sGC, respectively [3] . Once synthesized, cGMP regulates cellular function by binding to allosteric sites in cyclic nucleotide phosphodiesterases influencing their activity, and by stimulating protein kinase G (PKG, also cGK) [4] . By its phosphorylation of channels, receptors, kinases, and phosphatases [5] , PKG serves as a primary modulator of vascular tone, and plays a key role in cell survival, endothelial permeability, and vascular homeostasis and proliferation. In the heart, PKG regulates contractile function [4] , and serves as a brake to counter both acute and chronic stress responses and cardiac remodeling [6, 7] .
The importance of cGMP to NO signaling has naturally led to research on the catabolic enzymes that control its fate once synthesized. These proteins are members of the 21-gene family of phosphodiesterases which have been grouped into 11 different primary isoenzymes (with a total of 48 isoforms) based on substrate affinity, selectivity, and regulation mechanisms (Table 1) . Of these enzymes, PDE5, PDE6, and PDE9 are highly selective for cGMP, PDE1, PDE2, and PDE11 have dual substrate affinity, and PDE3 and PDE10 are cGMPsensitive but cAMP-selective. In the cardiovascular system, the primary cGMP-PDEs with known activity are PDE1, PDE2, and PDE5. PDE1 is a Ca 2+ /calmodulin dependent enzyme, PDE2, a cGMP-stimulated cAMP esterase that can also hydrolyze cGMP, and PDE5 the first identified selective cGMP esterase. An additional cGMP-selective PDE9A was recently identified [8] , with an isoform (PDE9A5) expressed at low levels in heart, though its role if any remains unknown. Lastly, cGMP can inhibit PDE3, a cAMP esterase expressed in heart and vascular tissue. Among these PDEs, PDE5 has been best studied due to the existence of highly selective inhibitors, and remains the only one of the family of PDEs for which targeted inhibitors are FDA approved to treat a chronic clinical disease -erectile dysfunction and more recently pulmonary hypertension. Fig. 1 summarizes the roles of PDEs in both vascular smooth muscle or cardiac myocytes. PDEs modulate acute stimulation cascades but can also be up-regulated in chronic conditions that may result in proliferative remodeling and desensitization to cGMP signaling. In this review, we focus on recent advances regarding the interplay between NOcGMP synthesis and the regulation of this signaling by targeted PDEs within the cardiovascular system.
Modulating PDEs by NO-cGMP interaction
In addition to being hydrolyzed by PDEs, cGMP (or its target kinase PKG) can alter the catabolic activity of these enzymes for one or the other substrate (Fig. 2) . A major mechanism is the binding of cGMP to tandem regulatory GAF domains, so named from the first three classes of proteins found to contain the cGMP-binding sequence (mammalian cGMP-binding PDEs, Anabaena adenylate cyclase, and Escherichia coli Fh1A). Of the 11 member group, PDE2, 5, 6, 10, and 11 all contain such regulatory domains. Typically, binding of cGMP to a GAF domain induces a conformation change in the PDE to activate its catabolic activity for cGMP (auto-feedback mechanism -as in the case of PDE5), or for the alternative cAMP (cross-regulation mechanism, as in the case for PDE2). In ventricular myocytes, inhibition of PDE2 by erythro-9-(2-hydroxy-3-nonyl) adenine (EHNA) has minimal effect on basal or cAMP-stimulated L-type Ca 2+ currents, but prevents suppression of cAMP-stimulated current by NO. A key component of the regulation appears to be mediated by the β3 adrenergic receptor [6, 9] , which is coactivated by the sympathetic stimulus but triggers NO and thus cGMP which in turn activates cAMP hydrolysis by PDE2. Bypassing the receptor and directly stimulating adenyl cyclase (forskolin) induces inotropy that is unaltered by PDE2 inhibition, suggesting PDE2 regulation is specifically coupled with the β-receptor. Similar effects of PDE2 on cGMP/cAMP regulation have been reported in cardiac fibroblasts [10] where NO enhanced by a donor or iNOS stimulation reduced cAMP accumulation; an effect reversed by EHNA. PDE5 has two GAF binding sites and in this instance, cGMP binding stimulates cGMP hydrolysis [11, 12] .
Another mechanism involves PDE phosphorylation by PKG. For PDE5, GAF binding enhances phosphorylation at Ser-92 and at rates ∼ 10× greater for PKG than PKA [13, 14] . PKG phosphorylation in turn induces positive feedback conformational changes increasing cGMP-binding affinity in the regulatory GAF domain, and enhancing cGMP catalytic activity by 50-70% [15] . Allosteric binding of cGMP to PDE5 also may serve as an intracellular storage site, providing safe harbor from catalysis and potentially releasing the pool when cGMP levels decline due to other signaling events [16, 17] .
A third type of functional modulation by cGMP occurs at the catalytic site. PDE3 binds both cAMP and cGMP at its catalytic site at high affinity and similar Km (see Table 1 ), but has a V max for cAMP that is 10 times greater which confers catalytic specificity. However, cGMP can function as a competitive inhibitor of PDE3 hydrolysis [18] , and at low levels of cGMP, the effect is to enhance cAMP and its downstream effects. For cardiac myocytes, this results in increased L-type Ca 2+ current [19, 20] and contractility [20] [21] [22] . This is opposite to what is observed at higher levels of cGMP 
Modulating NO-cGMP signaling by PDEs
In the cardiovascular system, cGMP hydrolysis is thought to be accomplished by PDE1, PDE2, and PDE5. PDE1
contains an auto-inhibitory domain which maintains low activity in the absence of Ca 2+ , and neighboring calmodulin binding domains that restore full activation in the presence of Ca 2+ -calmodulin [25] . An intriguing feature of PDE1 is its activation by specific Ca 2+ pools entering from the extracellular space [26] suggesting compartmentation, though this remains to be clarified in vascular smooth muscle or cardiomyocytes. PDE1 has three primary isoforms (a, b, c) that are Fig. 1 . Schematics of PDE regulation of NOS-NO generated cGMP in a vascular smooth muscle cell and cardiac myocyte. Small molecule inhibitors and signalactivators for each PDE are shown at the top. Smooth muscle cell: NOS3-derived NO diffuses from neighboring endothelial cells (EC) interacting with soluble guanylate cyclase (cGC) to convert GTP to cGMP. cGMP can be hydrolyzed by PDE1 in the presence of Ca 2+ /calmodulin (Ca/CM) stimulation, and may also hydrolyze cAMP. PDE3 hydrolyzes primarily cAMP, but this can be inhibited competitively by cGMP. PDE5 selectively hydrolyzes cGMP, and cGMP and its distal effecter kinase -protein kinase G (PKG) also activate the enzyme. Activation of PKG results in phosphorylation of myosin light chain phosphatases (MLCP), RhoA, regulator of g-protein signaling (RGS-2), inositol 1,4,5-trisphosphate receptor-associated PKG substrate; IRAG, and calcium-sensitive potassium channels (BKc a ) that serve to reduce smooth muscle tone. Cardiac myocyte: NO possibly derived from several intracellular NOS isoforms (eNOS being coupled to β3 adrenergic receptors) stimulates cGMP synthesis. PDE regulation is similar to that in vascular smooth muscle, with the addition of PDE2, which increases cAMP hydrolysis when stimulated by cGMP, but may also hydrolyze cGMP. Agonists and small molecule inhibitors would be similar for those shown in the upper panel. Chronic stimulation by pressure over-load lowers PDE3 but increases PDE5 activity to alter the balance of cAMP/cGMP regulation.
all expressed in vascular smooth muscle. It is stimulated by norepinephrine, angiotensin II, and endothelin-1 by their elevation of intracellular calcium, and this serves to lower cGMP levels and augment vasoconstriction [27] . Inhibition of PDE1 with vinpocetine, an often used but not very specific inhibitor, has little effect on basal cGMP or cAMP in pulmonary vascular tissue, but enhances NO-stimulated dilation suggesting an interaction with NO-derived cGMP [28] . Chronic up-regulation of PDE1 has been associated with nitrate tolerance [29] and vascular proliferation [30, 31] . Although PDE1 is strongly expressed in the heart [32] , its physiologic role and indeed even precise cell of origin remains unclear [33] . Lack of genetic models targeting PDE1 as well as selective inhibitors has limited such research to date.
PDE2 is not a primary PDE in vascular smooth muscle, but is expressed in cardiac myocytes, and recent data supports its role in the targeted regulation of cGMP and cAMP. In rat myocytes, cGMP synthesis was assayed by a sarcolemmal membrane targeted olfactory cGMP-gated channel current [34] . The current was enhanced more by natriuretic peptide (NP) than NO donors, and PDE2 inhibition potentiated this current with both stimuli. However, the functional role of this modulation remains unknown, as PDE2 inhibition alone has little influence on resting myocyte contraction [35] . It is also unclear if PDE2 preferentially catabolizes cGMP or cAMP (or both simultaneously), and under what conditions. Though PDE2 hydrolyzes cGMP when this is the primary substrate [34] , it appears to target cAMP when there is co-generation of cGMP and cAMP [35] . The development of novel and selective PDE2 inhibitors, such as BAY 60-7550 [34] , and advances in fluorescent imaging methods may help resolve some of these questions.
PDE5 was first identified as a cGMP-binding protein in lung tissue, and only later was it revealed to have cGMPhydrolytic activity. It has since been shown to play a key role in vascular smooth muscle tone particularly in the venous system of the corpus cavernosum and the pulmonary vasculature. Protein expression and activity are also well documented in the cerebellum, stomach, small and large intestine, bladder, and platelets [36] . Early physiologic studies explored the role of PDE5 using the inhibitor zaprinast; which also has significant cross-reactivity with PDE1 as well. However, in the late 1980's, highly selective and potent PDE5 inhibitors such as sildenafil and tadalafil were developed, and this greatly improved our understanding of this PDE.
PDE5 appears to interact closely with NO-sGC generated cGMP as the effectiveness of PDE5 inhibitors are generally blocked by NOS inhibitors such as L-NAME. While hypoxia-induced pulmonary hypertension is substantially ablated by sildenafil, the drug has little effect in mice lacking NOS3 (eNOS) [37] . Pharmacologic inhibition of NOS suppresses the vasodilator effects of PDE5 in vitro [38, 39] and in vivo [40] , and PDE5 [40] inhibitors are less effective in disorders associated with reduced NOS activity, such as diabetes [41] . In experimental diabetic rats, the blunted improvement of erectile function by sildenafil is restored by eNOS gene transfer into the corpus cavernosum [41] . As already noted, auto-activation of PDE5 by cGMP generated by NO plays an important feedback role in NO signaling. For example, exogenous administration of NO to both platelets or aortic tissue triggers an initial marked rise and then rapid decline in cellular cGMP, with the latter attributed to cGMP-PDE5 activation [42] . NO may also activate PDE5 by direct protein S-nitrosylation, though this remains to be verified.
PDE5 and the heart
The interplay between NO-sGC generated cGMP and PDE5 hydrolysis has recently been shown to be important in the heart as well. NO triggers differing responses in myocyte contraction and relaxation depending upon its concentration, intracellular redox, concomitant stimulation by agonists of cAMP, and other factors (reviewed in [3, 43] ). Its ability to suppress basal and β-adrenergic stimulated contraction, observed across many species including human [23, 44, 45] , has been generally linked to its generation of cGMP [23, 44] . There remains some controversy regarding the role of NOS (and NO) in adrenergic regulation, with some studies showing negligible effects [46] and others finding enhanced contraction [6, 47] in mice lacking eNOS, the dominant isoform. Overall, however, most evidence supports a role of this pathway as a negative modulator of cardiac stress responses.
Given that blocking PDE5 hydrolysis should also increase cGMP, one might anticipate a similar result with agents such as sildenafil. However, initial studies examining myocardial PDE5 gene and protein expression [48, 49] and enzyme activity found them to be quite low, leading to a conclusion that the enzyme was not physiologically important in the heart [50] [51] [52] . Functional data suggested this too. For example, Cremers et al. [53] found no effect of 10 μM sildenafil (a relatively high dose) on either basal or isoprenaline stimulated function in human papillary muscle strips. This may in part have been due to the use of mostly end-stage failing heart tissue, as a canine study had found PDE5 inhibition failed to suppress dobutamine stimulated contractility in failing hearts, but did so in normal hearts [54] . Another functional study [52] reporting no effects examined tissue under non-stimulated conditions. Subsequent investigations have found both detectable PDE5 expression and protein in isolated myocytes, and revealed direct cardiac effects induced by PDE5 inhibitors [6, [54] [55] [56] . PDE5 inhibition has little effect on basal contractility, but suppresses acute β-adrenergic stimulation in dog [54] , mouse [6] , and human heart [57] (Fig. 3A) . In mouse myocytes, this effect is unaccompanied by alterations in whole cell Ca 2+ transients [6] consistent with reduced myofilament calcium sensitivity as seen with NO [23] . Others, however, found a PKG-dependent decline in L-type Ca 2+ -channel currents, though the agent used, zaprinast, is a less specific inhibitor [58] . The anti-adrenergic effect of sildenafil is prevented by ODQ, an inhibitor of sGC [6] , supporting a key role of NO-sGC generated cGMP, and by PKG inhibition (i.e. Rp-8br-PET-cGMPs) [59] . Among the potential mechanisms for the negative adrenergic effect troponin I phosphorylation at S23 and S24, which is observed with NO stimulation [23] , results in myofilament Ca 2+ -desensitization. PDE5 inhibition has also been shown to suppress and reverse pressure over-load induced ventricular hypertrophy [7] , attenuate apoptosis [60] and reduce post-ischemic dysfunction [61] in mice, and these effects have been observed at the level of the cardiac myocyte. Importantly, these effects also appear to be critically coupled to the nitric oxide synthase. In the case of cardioprotection to ischemiareperfusion injury, studies have shown that this is coupled to the generation of NO by both eNOS and iNOS, working by the activation of protein kinase C and extracellular response kinase via opening of mitochondrial ATP-sensitive channels [60] . PDE5 inhibitors also attenuate cell death due to necrosis and apoptosis by an NO-stimulated increase in the ratio of Bcl2/Bax [61] .
Specificity of PDE5 and NO-sGC interaction
As PDE5 hydrolyzes cGMP, and myocyte cGMP can be generated by both NO and natriuretic peptides, one can ask whether the source of cGMP matters. Recent studies performed in adult rat myocytes support selective interaction between PDE5 and NO-stimulated cGMP [34] . Functional Fig. 3 . A) Reduction of β-adrenergic stimulated contractility by selective PDE5a inhibitor in the dog (from Senzaki et al. [54] ), mouse (from Takimoto et al. [6] ), and human (from Borlaug et al. [57] ). In dog, a dose response to dobutamine is shown and is blunted by a PDE5a inhibitor (EMD x), in mouse, the positive response to isoproterenol (ISO) is blunted, while in human, the change in maximal ventricular power index in response to dobutamine is shown in subjects before and after receiving either 100 mg sildenafil, or placebo. B) Suppression of β-adrenergic stimulation by sildenafil does not occur in mice lacking eNOS (from Takimoto [62] ). C) β-adrenergic stimulation is not suppressed by sildenafil in primary isolated mouse myocytes pre-treated with 5 μM L-NAME to block NOS (modified from Takimoto et al. [59] ).
evidence for a specific interaction between NOS-dependent cGMP generation and PDE5 modulation of myocardial β-adrenergic signaling has also been observed [6] . Mice lacking eNOS (NOS3) or those with NOS inhibited by L-NAME display no impact of sildenafil PDE5 inhibitors on cardiac chamber (Fig. 3B) or myocyte (Fig. 3C) β-adrenergic contractile stimulation. In preliminary studies, chronic catecholamine or pressure over-load induced hypertrophy in eNOS −/− mice was also found not to be blunted by PDE5 inhibition [62] .
PDE5 does not appear to acutely alter cGMP generated by the NP-signaling pathway. In studies using the cGMP-channel reporter [34] , NP-stimulated cGMP was unaltered by concomitant PDE5 inhibition. Unlike an NO donor or PDE5 inhibitor, administration of ANP alone does not blunt β-stimulated contractility (Fig. 4A) , and even when combined with a PDE5 inhibitor, the anti-adrenergic effect is the same as with PDE5 inhibition alone [59] . Furthermore, loss of adrenergic modulation by PDE5 following acute NOS inhibition is not rescued by co-administration of ANP [59] . These results support separate compartments regulating acute NP versus NO-stimulated cGMP, with the latter being the target of PDE5 hydrolysis.
Intriguingly, both cGMP and PKG activation vary in opposite directions depending on the stimulation pathway. With NP stimulation, myocardial cGMP rises substantially, whereas it is little changed by PDE5 inhibition (alone or with concomitant β-stimulation) [59] . Activation of myocardial PKG follows the opposite pattern, rising with PDE5 inhibition but displaying little change with NP stimulation (Fig. 4B) , and this, rather than the cGMP change, correlates with the anti-adrenergic effect. These findings strongly support compartmentalized signaling not only of cGMP generation and hydrolysis, but also of PKG activation and targeting. This likely underlies differential effects of NP versus NO and PDE5 inhibitor modulation of adrenergic stimulation. Whether such separation applies to chronic stimuli, or stimulation from other pathways and loading stress, remains to be determined.
PDE5 myocyte localization and role of NO
The observation that sildenafil has no anti-adrenergic effect in eNOS −/− mice is intriguing, in that gene and protein expression levels for PDE5, and in vitro PDE5 activity appear similar between controls and knock-out hearts [6] . Earlier studies in the failing canine heart first revealed that the myocyte localization of PDE5 was another feature that could be altered [54] . As shown in Fig. 5A , PDE5 normally appears in a banding pattern within the myocyte, but this becomes quite diffuse in cells from a failing heart which also Fig. 4. A) A-type natriuretic peptide (ANP) does not suppress acute β-adrenergic stimulated contractility. In vivo LV pressure-volume loops and end-systolic PV relations are shown for a heart pre (-) and post (-) exposure to isoproterenol (ISO) in the presence or absence of ANP infusion. Increases in contractility were the same despite ANP stimulation. B) Left panel: Change in myocardial cGMP in response to ANP versus PDE5 inhibition. While PDE5 inhibition suppressed the ISO response and ANP did not, the latter was associated with a marked rise in measurable cGMP while the former led to very little change. Right panel: In vivo activation of PKG based on s239 phosphorylated vasodilator stimulator protein (VASP). pVASP increased with PDE5 inhibition, but was not altered by ANP. This is opposite to the changes observed in cGMP, but in a direction consistent with the regulation of β-adrenergic stimulation. From Takimoto et al. [59] . These data support strong compartmentation of cGMP/PKG signaling. lacked PDE5 inhibitor anti-adrenergic effects. The functional role of the re-localization was unclear in the canine study, but better elucidated in subsequent studies contrasting mice with and without eNOS. Myocytes from normal mice also have PDE5 co-localized in a banding pattern with α-actinin (Fig. 5B) , with further evidence that this is indeed in z-bands provided by staining of isolated myofibrils, and immunoelectron microscopy (Fig. 5C ). In mice lacking eNOS or exposed to two weeks of L-NAME, this pattern also becomes diffuse (Fig. 5D) , as in the failing canine heart. Importantly, localization was restored by re-expressing eNOS in the knock-out heart [6] .
The physiologic importance of PDE5 z-band localization has been tested in two ways. In the gene-transfer study where eNOS was re-expressed, and PDE5 re-localized to z-bands, the anti-adrenergic effect of PDE5 inhibition also recovered [6] . In a second test, the capacity of an NO donor to circumvent absent or inactivated eNOS was tested (Fig. 6) . Hearts with NOS acutely inhibited by L-NAME lose the anti-adrenergic effect from PDE5 inhibition, but localization of PDE5 within the cell is unaltered. In such hearts, pre-administration of an NO donor restored an anti-adrenergic effect. In contrast, mice lacking eNOS had both loss of activity and re-distributed [54] ). B) Co-localization of PDE5 with α-actinin in adult myocyte from C57/Bl6 mouse. Nuclear staining (DAPI) is also shown. C) Localization of PDE5a (small particles) to z-band in the sarcomere revealed by immuno-electron microscopy, with larger particles co-staining for α-actinin. Lower panel shows isolated myofibril stained for PDE5a, revealing striated banding pattern. D) Diffuse PDE5a myocyte distribution in cells from mice genetically lacking eNOS (left), or animals exposed to NOS inhibition (L-NAME) for 2 weeks prior to cell isolation (right). Fig. 6 . Percent reduction of isoproterenol stimulated contractility by sildenafil in intact mouse hearts studied under various conditions. L-NAME was used to acutely inhibit NOS, which does not result in a change in the cellular localization of PDE5. Acute NOS inhibition prevented sildenafil from acting to suppress ISO-stimulated contractility, but this was partially reversed by an NO donor (DEA/NO). However, this did not restore antiadrenergic activity of sildenafil in eNOS −/− hearts. Modified from Takimoto [62] .
PDE5. In such hearts, co-administration of the NO donor failed to recover anti-adrenergic effects of sildenafil. Thus, localization of PDE5 to z-bands appears important at least for its capacity to regulate adrenergic contractile stimulation. PKG binding sites have been revealed in the sarcomere which lends support to the notion that a cGMP generator and catabolic enzyme system may indeed be targeted to this substructure. TnT was shown to bind to a leucine zipper motif of PKG, and this binding is central to facilitating PKG phosphorylation of TnI, resulting in myofilament desensitization to calcium [63] . Little is known about G-kinase anchoring proteins -the presumed mirror of the family of A kinase-anchoring protein (AKAPs) that bind and locally target cAMP-PKA signaling [64] . Intriguingly, one report has suggested that myosin itself may be a GKAP [65] . Localized binding of PKG would logically couple to a local PDE, much as cAMP-PKA-PDE complexes are organized. To date, virtually nothing is known about how such targeting may occur, and in particular, how and why PDE5 moves from its location to influence its cellular regulatory potency. The obligate requirement for NOS-derived NO and/or cGMP suggests cGMP binding and/or PKG activation are key to this localization, perhaps by providing tonic enzyme activation via the regulatory domain. Ongoing research is attempting to elucidate these mechanisms.
PDE up-regulation: role in NO tolerance and disease pathophysiology
In addition to acute modulation of cardiovascular function, PDEs can be differentially regulated in chronic conditions and thereby contribute to pathophysiology. For example, PDE3 is down-regulated in failing and hypertrophied hearts, and the consequent increase in cAMP and its associated signaling is thought to worsen the pathophysiology [66] . Both PDE1 and PDE5 appear up-regulated in several chronic conditions and this also likely contributes to the disease. For example PDE1a (in rat) and PDE1c (in human) increase in smooth muscle cells in a proliferative state [30, 31] . This is observed in neonatal and adult atherosclerotic vessels [30] , and the suppression of PDE1 blunted the associated smooth muscle proliferation. Nagel et al. [31] recently showed PDE1A translocates to the nucleus in proliferating vascular smooth muscle cells, and this was central to its activation of cell growth. Prevention by RNA interference led to G1 arrest and induction of apoptosis in proliferating cells. In cells in a non-proliferative contractile state, PDE1a was cytosolic and its inhibition had no effect on apoptosis but altered its regulation of myosin light chain phosphorylation. These effects appeared primarily related to its hydrolysis of cGMP [31] .
Another example of chronic PDE up-regulation is the response of both PDE1a and PDE5 to sustained cellular stimulation by NO resulting in NO tolerance. Rats exposed to 3 days of continuous nitroglycerin display a 2.3-fold rise in PDE1A1, and the accompanying nitrate tolerance is partially restored by vinpocetine, a PDE1 inhibitor [29] . Induction of both PDE1a [29] and PDE5a [67] by exposure to angiotensin II is thought to contribute to reduced cGMP/ PKG signaling and be a mechanism for exacerbated hypertension and vascular proliferation. PDE5 activity is also enhanced by chronic nitrate exposure, and its inhibition reverses nitrate tolerance [68, 69] .
PDE5 up-regulation at expression and activity levels is also being observed in disease conditions such as pulmonary hypertension [70] and congestive heart failure [71] , and is increasingly thought to underlie reduced responsiveness to NP or NO as well as an enhanced responsiveness to PDE5 inhibitors in affected tissues. A potential mechanism is that increased cGMP, perhaps from NP stimulation, activates the PDE5 promoter as a feedback mechanism [72, 73] . PDE5 inhibitors are particularly potent in patients with pulmonary hypertension [74] and congestive heart failure [75] , and this potency is consistent with up-regulation of PDE5 activity in central venous, pulmonary, and arterial vasculatures, and in the kidney (Fig. 7A) [71] . In addition to nitrate tolerance, PDE5 up-regulation appears to impact cGMP-stimulated signaling via NP pathways. Exposure to chronic PDE5 inhibitors improves acute renal responsiveness to NP in a canine model of cardiac failure [76] . While sildenafil has negligible effects on normal dogs, it exhibits similarly potent Fig. 7 . A) Increased PDE5 activity in lung, pulmonary artery (PA), aorta, and inferior vena cava (IVC) in dogs with tachypacing-induced heart failure. B) Enhanced central pulmonary vasodilator activity of PDE5 inhibition (sildenafil) in dogs with heart failure versus controls. Change in pulmonary vascular resistance (PVR) is shown in response to BNP, sildenafil (SIL), and both combined. Modified from Forfia et al. [71] . pulmonary vasodilator effects to BNP in animals with heart failure, vasodilation, and enhances the impact of acute BNP stimulation (Fig. 7B) [71] .
PDE5 and cardiac stress remodeling
Both NO-sGC-cGMP and NP-pGC-cGMP attenuate cardiac hypertrophy in neonatal myocytes [77] . Activation of PKG by NO and cGMP, or constitutively activated kinase suppresses cardiac myocyte hypertrophy in conjunction with inhibiting the calcineurin-NFAT pathway [78, 79] . However, while ANP suppresses angiotensin II stimulated hypertrophy of neonatal myocytes, inhibiting PKG did not prevent this effect suggesting alternative pathways exist [80] . Genetic ablation of the A-type NP receptor or receptor guanylate cyclase produces modest cardiac hypertrophy at baseline and accelerates hypertrophic responses to pressure over-load [81] [82] [83] . NPRA null hearts have enhanced baseline calcineurin-NFAT activity and their spontaneous hypertrophy is blunted by inhibition of calcineurin with chronic FK506 treatment [84] . Cardiac over-expression of constitutively active receptor guanulate cyclase in myocytes prevents modest pressure-load induced hypertrophy [85] .
In mice subjected to chronic pressure over-load, PDE5 activity increases, and its inhibition has been shown to attenuate cardiac hypertrophy despite sustained systolic loading. This occurs with improved cardiac function, reduced fibrosis, and the deactivation of multiple signaling cascades including calcineurin, MAP kinase, and Akt [7] . Unlike prior work with NP-dependent cascades, the hypertrophic stimulus employed in these studies was marked (N 150% increase in LV mass, studied over a 9-week period), and the PDE5 inhibitor effect substantial. This suggests that more potent targeted signaling may be generated by preventing catabolism rather than enhancing cGMP synthesis.
Another intriguing target of PKG that may influence hypertrophy is the small GTP-binding protein RhoA and its activation of Rho-kinase (ROCK) (reviewed in [86] ). Here, there are also potential different influences of NO versus ANP stimulation pathways. ROCK suppresses NOS activity by several mechanisms, including inhibiting its activation by Akt (via inhibition of phosphoinositol 3-kinase), reducing eNOS mRNA stability (an effect also imparted by activated RhoA), and enhancing oxidant stress to reduce NOS function [86] . Inhibition of RhoA with targeted inhibitors and statins improves eNOS activity [87] [88] [89] , while NO via PKG stimulation inhibits RhoA activation by phosphorylation at S188 [90] . Thus, this pathway can both modulate NO signaling and be modulated by the same. Fig. 8 displays evidence for this cross-talk in chronically pressure over-loaded (TAC) hearts exposed to PDE5 inhibition. RhoA and ROCK2 were Fig. 8 . A) PDE5 inhibitor, vardenafil, suppresses increase in RhoA and total Rho-kinase (ROCK) activity in myocardium exposed to chronic pressure over-load by trans-aortic constriction (TAC). Activity was assessed in whole heart lysates with a commercial colormetric assay (Cytoskeleton, Inc, Denver, CO and Cyclex, Nagano, Japan, respectively) performed using manufacturer's specifications. 96 well assay plates were read on a Spectramax M5 plate reader. B) TAC results in eNOS uncoupling demonstrated by reduction of dimer (280 kD). This is improved by co-treatment with the PDE5 inhibitor sildenafil (Sil). C) NOS activity assessed by arginine to citruline conversion is reduced by 3 weeks of TAC, and restored by co-treatment with SIL. D) Increase in protein nitration assessed by nitrotyrosine Elisa assay with TAC, and 2-week ISO or angiotensin II (AII) infusion is reduced by co-treatment with sildenafil. E) Zymogram showing activation of metalloproteinase 2 and 9 by TAC which is reduced by co-treatment with sildenafil.
up-regulated by TAC, and this was suppressed by the PDE5a inhibitor, vardenafil. This was accompanied by reduction in hypertrophy, but also by improvement in NOS coupling, reduction in nitrotyrosine, and reduction in activated metalloproteinases, all suggesting improvement in nitrosoredox balance. Whether this can be accomplished by NP stimulation is unclear, as to date we are aware of no data showing suppression of RhoA by this pathway. It also remains to be determined if compartmentalized separation of NP-cGMP signaling from PDE5 hydrolysis that is observed acutely will translate to more chronic exposure as in heart failure conditions.
Conclusion
Expanding appreciation of the cellular mechanisms and interactions between cGMP-targeted PDEs and NO-sGC or NP-pGC signaling has revealed a complex but strategically important role played by these hydrolytic enzymes. General recurring themes are their compartmentation to locally control cGMP-PKG signaling, their up-regulation in response to proliferative stresses and ultimately their contribution to sustaining these stresses and the pathophysiologic remodeling that ensues. Development of genetically targeted knockout mice has proven somewhat difficult and remains scant in this field. Selective inhibitors have also been difficult to come by, though new developments for PDE2 and PDE9 will help considerably, and efforts are continuing for targeted PDE1 inhibitors. With such tools, we should be better able to elucidate the role these PDEs play in cardiovascular health and disease.
